The settlement behaviour of axially loaded piles is one of the prime factors that control the design of single and group piles. Therefore, this research focused on the settlement behaviour of a pile foundation located in sandy-silt under the load of a high-rise building, by simulating it using PLAXIS numerical package and giving consideration to interface effects. Four different types of analysis were investigated: (i) a Linear Elastic (LE) analysis where the soil was assumed as linear-elastic; (ii) a simple Non Linear (NL) analysis where the soil was completely assumed as a Mohr-Coulomb(MC) model; (iii) Non Linear (NL) analysis where the soil was completely assumed as a Hardening -Soil (HS) model; and (iv) a combined (NL-LE and NL-NL) analysis assuming that the soil close to the pile shaft is a nonlinear model and that the soil in the remaining area is made of either linear material or simple nonlinear material (MC). The results of the analysis suggest that the complete MC model shows good agreement with the settlement behaviour obtained from field static load tests at lower working loads. However, the incorporation of a nonlinear HS interface zone of soil is required to predict the settlement at higher working loads. In addition, it was noted that an interface thickness that is twice the pile diameter with the remaining soil modelled as MC would suffice to ascertain the load transfer mechanism of a typical pile.
Introduction
Presently, there are many high rise buildings and transportation structures such as highways and bridges being constructed on pile foundations. The demand on axially loaded piles is increasing daily because of their high bearing capacity and their applicability in various types of geological strata. The settlement of the pile foundation is a controlling factor of its design because the primary purpose of the pile foundation is to limit the deformation of the structure it supports [1, 2, 3] .
In the past, there have been various techniques such as experimental techniques, analytical techniques and numerical techniques which have been adopted by researchers to predict the actual settlement behaviour of pile foundations. Based on the outcomes of this research, a number of approximate solutions have been provided for different conditions. McCabe and Lehane [4] have conducted an experimental field study on the settlement behaviour of axially loaded driven piles in soft clay-silt. Horikoshi et al. [5] have also done a laboratory based study on the settlement behaviour of piles. The rational analyses of pile group displacements had been pioneered by Poulos [6] who introduced the concept of "interaction factors" for pile groups. After carrying out several field tests, Sonia and Desai [7] have proposed useful values for the ultimate point resistance and skin resistance based on the type of piles installed in cohesion less soil. Randolph and Wroth [8] have proposed a useful empirical equation for the settlement of pile foundations. Randolph [9] has proposed a simplified analytical approach (RATZ approach) to predict the behaviour of group piles. He has used a parabolic or hyperbolic curve to describe the behaviour of an individual pile. However, the related formulae have not been able to fit and predict the entire process of "settlementload" curves [3, 10] . Therefore, the prediction of the settlement of a pile foundation has to be based on a numerical method.
Nowadays, the numerical simulation of structures is one of the most popular approaches widely used in geotechnical and structural analysis [11] .
Numerical analysis provides immediate and suitable solutions for various field problems which can be used for similar type of field problems that arise in the future as well. During the past few years, there has been an obvious trend towards developing finite element techniques as they give very reliabile and accurate solutions to complex engineering problems. Zakia et al. [11] using PLAXIS 2D have conducted a finite element study on the effect of modelling parameters on settlement predictions. It has been found that the (i) modulus of interface is very much closer to the modulus of the soil that is in contact with the pile (ii) interface reduction factor provides good agreement when its value is between 0.8 and 0.9 (iii) modelling the soil completely using a Mohr Coulomb model giving consideration to the interface provides a better settlement prediction and (iv) fine mesh provides more reliable agreement compared to coarse mesh. Jun Ju [12] has carried out settlement analysis using the finite element approach of PLAXIS 3D for piles in sleech soil. Based on the findings, it has been concluded that a combination of nonlinear and linear elastic analysis leads to more realistic predictions of settlement than a complete nonlinear analysis of soil. Jian-lin et al. [3] have conducted a study on the settlement prediction of pile foundations in deep clayey soil deposits using Finite Element Modelling. They have proposed a useful equation to correct the compression modulus obtained from laboratory tests and it has been suggested to use it in numerical simulations of deep soft soil. Alnuiam et al. [13] have developed a Finite Element Model (FEM) using the PLAXIS 3D package to study the settlement behaviour of piles in Toyoura sand and have proposed that the Mohr Coulomb (MC) model is the best model to predict the settlement behaviour of piles in Toyoura sand.
However, the reliable prediction of the settlement of pile foundations at typical working loads remains one of the major geotechnical engineering problems [4, 12] . To date, there have been only a very limited number of analyses performed using finite element techniques. As such, it is very essential to analyse the settlement behaviour of axially loaded piles to ensure a safe and economical design.
Therefore, this research study through the use of finite element techniques, primarily focused on the numerical simulation of the settlement behaviour of vertically loaded piles used to transfer the load from a super structure to geo strata.
Pile Case History
In this research study, the pile load test result of the north western part of Singapore (Woodland) was used. Old Alluvium is one of the major formations of the geological stratigraphy of Singapore and covers about 15% of the total area of that country [14] . It consists of sand, silt, and clay that had predominantly silty sand with a fine content of about 20% to 30% [14] . A site investigation including standard penetration tests was carried out to obtain the required engineering information as well as the description of subsurface soil and the basic structure of the stratigraphy. The water table was found to be at a depth of 1 m below the ground surface. The basic subsurface soil parameters of multi layered soil already investigated into and proposed by Li et al. [15] with respect to the depth are summarized in Table 1 .
The single reference pile used at this site was a precast circular concrete pile, 48 m long and 1500 mm in diameter, driven to a depth of 47.5 m in the ground with a free-standing length of 0.5 m above the ground. The additional properties of the reference pile are its unit weight of 24 kN/m 3 , elastic modulus of 30 GPa and Poisson"s ratio of 0.2. Static load test was performed on the reference pile up to 21,000 kN (300 % of the working load) three months after its installation.
Soil Models and Properties

Linear Elastic (LE) Model
This numerical simulation of the pile load test was performed using the Finite Element Program PLAXIS 2D. The very basic LE model which is one of the models available with the PLAXIS package was adopted to perform linear elastic analysis on the material used in this research study. The Linear Elastic model is based on Hookes"s Law of isotropic elasticity. It involves two basic elastic parameters, i.e., Young"s modulus (E) and Poisson"s ratio (vs). Although the linear elastic model is not suitable to model the soil, it may be used to model the stiff volumes of soil or stiff formations in the soil [16] .
3.2
Mohr Coulomb Model Mohr Coulomb (MC) model is one of the nonlinear models adopted in this research study. The MC model is a simple nonlinear model which is based on soil parameters that are known in most of the practical situations. It involves five input parameters, i.e. Elastic modulus (E) and Poisson"s ratio (vs) for soil elasticity, friction angle (φ) and cohesion (c) for soil plasticity and dilatancy angle (ψ). However, the model does not contain all of the non-linear features of soil behaviour. The LE and MC model parameters for Old Alluvium are summarized in Table 2 . Orihara and Khoo [14] have conducted a number of Standard Penetration Tests (SPTs) and Consolidated Drained (CD) triaxial tests for the layers using piston samples that were consolidated isotropically to a stress of 100 kPa 3) . Based on the results of their experiments, they have correlated the strength parameters (c and Φ) of Old Alluvium with SPT values (N). In this research study, the correlations proposed by Orihara and Khoo [14] were used to derive c and Φ of Old Alluvium from the SPT values. 
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Where, c is cohesion, m is power in stiffness laws which can be defined between 0.5 and 1 [12, 16] [12] . The best parameters estimated for each layer of the HS model are summarized in Table 3 . 
FEM Analysis Methodology
The numerical simulation of the single pile was performed using the finite element analysis in PLAXIS 2D. In this program, modelling was carried out under axisymmetric conditions with two degrees of freedom of translation per node. Soil was modelled by triangular elements with 15 nodes and with an elastoplastic behaviour obeying the Mohr-Coulomb failure criterion. The lateral sides of the computational domain were taken sufficiently away from the pile to avoid the boundary effect. All the models of the single pile used for different types of analysis have been made with a working area of 70 m × 25 m. All movements at the bottom of the model were restrained and any lateral movements perpendicular to the boundary were also restrained at the lateral sides.
A model made of linearly elastic, non-porous and isotropic material was used to represent the piles. Three different types of FE analyses were performed: (i) a Linear Elastic analysis (LE) where all the soil was assumed to be linearly elastic, (ii) a Complete Non Linear (CNL) analysis where soil adjacent to the pile shafts and between the piles (Zone A and Zone B) were modelled using the HS or the MC model, and (iii) a Non Linear and Linear analysis (NL-LE) where soil close to the pile shafts (Zone A in Figure 1 ) was modelled using the HS model, while soil in the remaining area (Zone B) was modelled considering it to be of LE or MC material. Three different sizes of Zone A were selected for the NL-LE analysis: (i) zone extended to a distance d equal to one half of B from the pile shaft; (ii) d is equal to B; and (iii) d is equal to 2B, where B is the pile diameter. The size of the elements was to be as small as possible and close to the pile shaft (Zone A of Figure 1 ) because of the high stress gradient, which can capture a better pile behaviour. The element size could be larger near the boundaries on the condition that the distribution of stresses and settlements would not change very much when the size of the boundary elements was increased or decreased. The default interface and interface strength reduction factor (Rint) was incorporated into the simulation and Rint was taken as 0.85 [11] . The simulation sequence included an initial step in which the initial stress condition was established. Thereafter, the prescribed displacement was applied at the pile head and the variations of the applied load with the settlement were obtained. The computed results from all three types of models were compared with field test results in order to identify the model most suitable for the soil. According to the results, the measured settlement of the single pile was 3.5 mm at a typical working load of about 7, 000 kN. For the same working load, the settlement predicted from the HS model was 8.2 mm while that predicted from the MC model was more than twice the field measurement. Furthermore, the settlement values predicted from the Linear Elastic (LE) model and Mohr Coulomb (MC) model for the same working load are same and are equal to 6.8 mm. Based on these observations, it can be stated that the settlement derived from LE and MC analyses is about 2 times higher than the field measurement obtained for a typical working load, and that there is a marked difference between the calculated and the measured curves of the single pile indicating that the calculation has over predicted significantly the pile head settlement or that it had underestimated the stiffness of soil.
Results and Discussion
There is a difference between the predicted and the measured values as the deep-in situ effect in the modulus has been disregarded. Actually, the modulus of deep soil obtained from laboratory tests significantly varies from its insitu value and at times the difference is several times [3] . The settlement of shallow foundations when tested under pressure using soil having a compression modulus between 100 kPa and 200 kPa will not generally have many errors. However, the settlement values calculated for soft soil of deep piles often differ very much from the measured values [3] as deep-insitu soil stiffness is always higher than that of samples used in the laboratories to obtain the elastic modulus. Therefore, Equation [3] proposed by Jian-lin et al. [3] was used in this study to predict the settlement more accurately. The elastic modulus obtained from laboratory tests were modified using Equation [3] .
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where z is the depth of the soil layer (m), h0 is the reference depth (generally 1 m) , Es,0.1−0.2 is the compression modulus obtained in the laboratory under a pressure of 100-200 kPa, and β is the plasticity of the soil which can be obtained from the specifications given in the BS code, based on the liquid limit and plasticity index (IP) obtained from the data. For silty sand, β would be between 3.5 and 5 [3] . Finally, all three types of FE analyses were repeated using the corrected moduli (Es,z) that were calculated using Equation [3] and the comparison of the values obtained for the modulus is shown in Figure 2 . Again, the computed settlement results obtained using the three types of models were compared with the field test results.
In the next step, the FEM analysis was repeated with the corrected values of modulus in place of the values obtained from laboratory experiments, and the results obtained are shown in Figure 4 . The settlement predicted from the complete HS model is 6.2 mm at a working load of 7,000 kN, while the settlement predicted from the Linear Elastic (LE) model and Mohr Coulomb (MC) model for the same working load are 4 mm and 3 mm respectively. The settlement values obtained using the corrected moduli are very much closer to the measured settlement value of 3.5 mm. Even though the LE and MC models initially make better predictions than the HS model, they fail to present the real behaviour of the settlement and underestimate the settlement when the working load is increased beyond 13,000 kN. The underestimated settlement of LE and MC may respectively have been because of the failure to consider soil nonlinearity and because of predicting the nonlinearity only approximately. On the other hand, the HS model due to its advanced nonlinearity, overestimates the settlement during the entire analysis. An attempt was made to compare settlement contours for a settlement of 50 mm (allowable settlement) during all types of analysis, and the results obtained are presented in Figure 5 . It can be seen that linear settlement contours appear when soil is modelled completely using the LE model ( Figure 5-a) and this confirms the fact that the LE model disregards the nonlinearity of soil. When soil is modelled completely using the MC model ( Figure 5-b) , a few nonlinear contours are obtained in the settlement zone and this simple nonlinearity according to Zakia et al. [11] , is adequate to predict the settlement behaviour at lower working loads up to about 13,000 KN, . [11] . On the other hand, when soil is completely modelled using the HS model ( Figure 5-c) , a large zone of settlement compared to that obtained from the MC model ( Figure 5-b) appears showing clearly the advanced nonlinear contours. The complete HS model over predicts the settlement because of the increase in the stiffness reduction due to advanced nonlinearity. Therefore, it is very clear that by using a combination of Nonlinear and Linear (NL-LE) models and Nonlinear and simple Non Linear (NL-NL) models, it would be possible to predict realistically the behaviour of the settlement. The results obtained from the NL-LE analysis are presented in Figures 6 and  7 . From Figure 6 , it can be seen that NL-LE analysis using HS and LE models fail to provide an accurate prediction and the results appear to be related only to the average prediction. However, a combined analysis using HS and MC models provides a better prediction when the load is more than twice the working load. In this case in which a HS-MC model has been used, a HS zone of twice the diameter of the pile shaft as shown in Figure 7 with the remaining zone provided by the MC model , indicates better agreement with the field test result than any of the other models considered,. This combined analysis has already been suggested by Jun Ju [12] and Lee and Poulos [19] . Hence, it can be concluded that the corrected MC analysis agrees very well with observations up to a load of twice the working load and that at loadings beyond this value, the HS-MC analysis provides more realistic predictions of the settlement. The incorporation of an advanced nonlinear HS model at lower working loads appears to reduce the stiffness significantly, giving a better prediction of the settlement. As more soil elements reach the plastic state at higher working loads, the incorporation of the HS model with the MC model will provide the best fit with the observation.
Conclusions
A finite element study was conducted using PLAXIS 2D computer package to predict the settlement behaviour of piles. Analyses were conducted using different types of models based on the fact that soil has different types of material behaviour. The following conclusions can be drawn based on the outcomes of this research:
1. The modulus of a soil mass will decrease as the strain level is increased and the strain level may increase as the pile shaft is approached.
2. When a single model has to be used for the entire interface, the Mohr Coulomb (MC) model will be the best model to predict the settlement of a single pile and its simple nonlinearity will be adequate to predict realistically the settlement at lower working loads up to about 13,000 kN.
3. A single nonlinear (NL) model and a combination of a nonlinear -linear elastic (NL-LE) analysis with a nonlinear zone of soil around the pile with linearly elastic soil beyond that zone will give better predictions of the settlement compared to a pure NL model.
Out of the two combined models used [NL -LE (HS -LE) and NL -NL (HS -MC)]
, the combination of a NL -NL model and a HS -MC model would provide a better prediction for loads above 15,000 kN.
5. On the whole, when numerical simulations are done to predict settlements realistically, the understanding and the selection of the proper material model is very important. Material model selection will not only depend on the characteristics of soil, but will also depend on the type and loading conditions of the structure (will not depend on the magnitude of the load, but on the value of the loading, i.e., whether it is above the working/design load or not).
